To study the mutual interaction between unconventional superconductivity and magnetic order through an interface, we fabricate hybrid Kondo superlattices consisting of alternating layers of the heavy-fermion superconductor CeCoIn5 and the antiferromagnetic (AFM) heavy-fermion metal CeIn3. The strength of the AFM fluctuations is tuned by applying hydrostatic pressure to the CeCoIn5(m)/CeIn3(n) superlattices with m and n unit-cell-thick layers of CeCoIn5 and CeIn3, respectively. The superconductivity in CeCoIn5 and the AFM order in CeIn3 coexist in spatially separated layers in the whole thickness and pressure ranges. At ambient pressure, the Néel temperature TN of the CeIn3 block layers (BLs) of CeCoIn5 (7)/CeIn3(n) shows little dependence on the thickness n, in sharp contrast to CeIn3(n)/LaIn3(4) superlattices where TN is strongly suppressed with decreasing n. This suggests that each CeIn3 BL is magnetically coupled by the RKKY interaction through the adjacent CeCoIn5 BL and a three-dimensional magnetic state is formed. With applying pressure to CeCoIn5(7)/CeIn3(13), TN of the CeIn3 BLs is suppressed up to 2.4 GPa, showing a similar pressure dependence as bulk CeIn3 single crystals. An analysis of the upper critical field reveals that the superconductivity in the CeCoIn5 BLs is barely influenced by the AFM fluctuations in the CeIn3 BLs, even when the CeIn3 BLs are in the vicinity of the AFM quantum critical point. This is in stark contrast to CeCoIn5/CeRhIn5 superlattices, in which the superconductivity in the CeCoIn5 BLs is profoundly affected by AFM fluctuations in the CeRhIn5 BLs. The present results show that although AFM fluctuations are injected into the CeCoIn5 BLs from the CeIn3 BLs through the interface, they barely affect the force which binds superconducting electron pairs. These results demonstrate that two-dimensional AFM fluctuations are essentially important for the pairing interactions in CeCoIn5.
I. INTRODUCTION
It is well established that in several compound families, such as high-T c cuprates, iron pnictides/chalcogenides, and heavy-fermion compounds, Cooper pairs are not bound together through phonon exchange but instead through exchange of some other kind, such as spin fluctuations [1] [2] [3] [4] [5] [6] [7] [8] . Despite tremendous efforts, however, the interplay between unconventional superconductivity and magnetism still remains largely unexplored in these systems. This includes fascinating electronic phases, where superconductivity and antiferromagnetic (AFM) order, involving the same charge carriers, coexists, and the important question why superconductivity is often strongest near a quantum critical point (QCP) where the AFM order vanishes in the zero temperature limit and spin fluctuations become singular [9] [10] [11] [12] [13] .
By using a recent state-of-the-art molecular beam epitaxy (MBE) technique, we grow artificial Kondo superlattices with alternating layers of heavy-fermion superconductors and conventional metals or heavy-fermion AFM compounds 14, 15 . These Kondo superlattices provide unique opportunity to study the mutual interactions between the unconventional superconducting state and magnetically ordered-or conventional metallic-states through the atomic interface and thereby seek answers to the above-mentioned questions. Until now, several types of Kondo superlattices containing the heavy-fermion superconductor CeCoIn 5 16 with a layered structure have been fabricated [17] [18] [19] [20] [21] [22] . CeCoIn 5 has a quasi-two dimensional (2D) Fermi surface 23 and the presence of quasi-2D AFM fluctuations has been reported in the normal state 24, 25 . Furthermore, a superconducting gap with d x 2 −y 2 -wave symmetry has been observed by a variety of experiments [26] [27] [28] [29] [30] [31] . The superconducting state is strongly Pauli limited, as demonstrated by a first-order phase transition at upper critical fields for directions parallel and perpendicular to the ab plane 26, [32] [33] [34] . It is a prototypical system, in which non-Fermi liquid behaviors in the normal state and unconventional superconductivity are thought to arise from the proximity to a AFM QCP [35] [36] [37] . Under pressure, CeCoIn 5 moves away from the QCP and Fermi liquid behavior is recovered.
It has been shown that in superlattices consisting of alternating layers of CeCoIn 5 and the conventional metal YbCoIn 5 with atomic layer thicknesses (Fig. 1a) , the Pauli pair-breaking effect is strongly suppressed from that in the bulk of CeCoIn 5 single crystals 18, 19 . Siteselective nuclear magnetic resonance (NMR) measurements on CeCoIn 5 /YbCoIn 5 superlattices have reported that AFM fluctuations in the CeCoIn 5 block layers (BLs), particularly in the vicinity of the interface, are weakened 38 . These results have been attributed to the local inversion symmetry breaking at the interface, which results in spin-split Fermi surfaces and thus effectively suppresses the Zeeman effect 18, 19, 39 . In superlattices consisting of alternating layers of CeCoIn 5 and the heavy-fermion AFM metal CeRhIn 5 (Fig. 1b) , the superconducting-and AFM-states coexist in spatially separated layers. In these superlattices, the influence of the local inversion symmetry break- 40 . In particular, it has been pointed out that in the vicinity of the QCP of CeRhIn 5 BLs, AFM fluctuations are enhanced and the force binding superconducting electron-pairs acquires an extremely strong-coupling nature. This indicates that superconducting pairing can be manipulated by magnetic fluctuations injected through the interface 22 . To obtain further insight into the mutual interactions between unconventional superconductivity and magnetic order, we here fabricate superlattices consisting of alternating layers of CeCoIn 5 and the AFM metal CeIn 3 (Fig. 1c) . CeIn 3 is an isotropic Kondo lattice material with cubic crystal structure. In bulk CeIn 3 single crystals, AFM order with ordered magnetic moment of 0.48 µ B occurs at T N =10 K, where µ B is the Bohr magneton 41 . With applying pressure, T N decreases and vanishes at ∼2.6 GPa, indicating an AFM QCP. Superconductivity with a maximum T c ≈200 mK is induced in a very narrow pressure range around the QCP 9,42 . Our results reveal that, similar to CeCoIn 5 /CeRhIn 5 but in contrast to CeCoIn 5 /YbCoIn 5 superlattices, the local inversion symmetry breaking at the interface has only little effect on the superconductivity in CeCoIn 5 /CeIn 3 superlattices. However, we find that the magnetic and the superconducting properties in CeCoIn 5 /CeIn 3 are in marked contrast to those in CeCoIn 5 /CeRhIn 5 superlattices 22 . Although the AFM fluctuations are injected to the CeCoIn 5 BLs from the CeIn 3 BLs through the interfaces, they barely affect the electron pairing interactions in the CeCoIn 5 BLs. These results provide compelling evidence that 2D AFM fluctuations are essentially important for the superconductivity in CeCoIn 5 .
II. EXPERIMENTAL DETAILS
The hybrid superlattices CeCoIn 5 (7)/CeIn 3 (n) (n=3, 4, 6 and 13) with c axis oriented structure are grown on a MgF 2 substrate by MBE technique 14, 15 . We first grow ∼20 unit-cell-thick (UCT) CeIn 3 (∼10 nm) as a buffer layer on MgF 2 . Then 7-UCT CeCoIn 5 and n-UCT CeIn 3 (n=3, 4, 6 and 13) are grown alternatively with total thicknesses of approximately 200 nm. As the epitaxial growth temperature of CeCoIn 5 and CeIn 3 layers are different, CeCoIn 5 and CeIn 3 BLs were grown at 570
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CeCoIn 5 (7) CeIn 3 (n) CeCoIn 5 (7) FIG. 3. (a) Temperature dependence of the resistivity ρ(T ) in CeCoIn5(7)/CeIn3(n) superlattices for n =3, 4, 6, and 13, along with ρ(T ) for CeIn3 and CeCoIn5 thin films. Inset illustrates the schematics of CeCoIn5 (7) and 420°C, respectively. The superlattice is capped with ∼5 nm Co to prevent oxidation. Streak pattern of the reflection high-energy electron diffraction (RHEED) image shown in Fig. 2 (a) have been observed during the whole growth of the superlattices, indicating good epitaxy. The atomic force microscope measurements reveal that the surface roughness is within ±1 nm, which is comparable to 1-2 UCT along the c axis of the constituents. Because atomically flat regions extend over distances of ∼0.1 µm, it can be expected that transport properties are not seriously influenced by the roughness. 
III. RESULTS
Figure 3(a) depicts the temperature dependence of the resistivity ρ of CeCoIn 5 (7)/CeIn(n) superlattices with n=3, 4, 6 and 13. We also show ρ of CeCoIn 5 and CeIn 3 thin films grown by MBE. The resistivity of CeCoIn 5 (7)/CeIn(n) superlattices follows the typical heavy-fermion behavior. With decreasing temperature, ρ(T ) increases below ∼150 K due to the Kondo scattering but then begins to decrease due strong c-f hybridization between f -electrons and conduction (c) band electrons, leading to the narrow f -electron band at the Fermi level. Figures 3(b) -3(f) depict ρ(T ) at low temperatures. All superlattices show the superconducting transition at ≈1.5 K. For the n=3-and 4-superlattices, ρ(T ) exhibit a slight downward curvature. Figures 3(g)-3(k) display the temperature derivative of the resistivity dρ(T )/dT . As shown by the arrows in Fig. 3(g) , dρ(T )/dT of CeIn 3 thin film exhibits a distinct kink at T N =10 K 41 . Similar kink structures are observed in all superlattices at the temperatures indicated by arrows, showing the AFM transition. Figure 4 shows the thickness dependence of T N of the CeCoIn 5 (7)/CeIn 3 (n) superlattices. For comparison, the data sets of CeIn 3 (4)/LaIn 3 (n), where LaIn 3 is a nonmagnetic conventional metal with no f -electrons 14 , and CeCoIn 5 (n)/CeRhIn 5 (n) are also included in the figure. Remarkably, the observed thickness dependence of T N in CeCoIn 5 /CeIn 3 is in striking contrast to that in CeIn 3 /LaIn 3 ; While T N is strongly suppressed with decreasing n and vanishes at n=2 in CeIn 3 /LaIn 3 , T N is nearly independent of n in CeCoIn 5 (7)/CeIn 3 (n). This suggests that CeIn 3 BLs are coupled weakly by the Ruderman-Kittel-Kasuya-Yosida (RKKY) interac- tions through the adjacent LaIn 3 BL, but they can strongly couple through the adjacent CeCoIn 5 BL. This is even more surprising, as the distance between different CeIn 3 BLs is larger in the CeCoIn 5 (7)/CeIn 3 (n) superlattices than in the CeIn 3 (n)/LaIn 3 (4) superlattices. We thus conclude that small but finite magnetic moments are induced in CeCoIn 5 BLs in CeCoIn 5 /CeIn 3 , which mediate the RKKY-interaction. On the other hand, because of the absence of strongly interacting felectrons in LaIn 3 , which can form magnetic moments, the RKKY interaction in CeIn 3 /LaIn 3 can be expected to be much weaker. To clarify this, a microscopic probe of magnetism, such as NMR measurements, is required. We note that as shown in Fig. 4 , the reduction of T N is also observed in CeCoIn 5 (n)/CeRhIn 5 (n) superlattices 22 , suggesting that the RKKY interaction between CeRhIn 5 BLs through adjacent CeCoIn 5 BL is negligibly small. This is supported by the recent site-selective NMR measurements which report no discernible magnetic moments induced in the CeCoIn 5 BLs in CeCoIn 5 /CeRhIn 5 40 . The pressure dependence of the superconducting and magnetic properties provide crucial information on the mutual interaction between superconductivity and magnetism through the interface. Figures 5(a) and 5(b) and their insets show the temperature dependence of ρ(T ) under pressure for CeCoIn 5 (7)/CeIn 3 (n) for n=13 and 6, respectively. With the application of pressure, the temperature at which ρ(T ) shows its maximum increases due to the enhancement of the c-f hybridization 36 . As
shown in the insets, both superlattices undergo a superconducting transition under pressure. Figures 5(c) -5(e) and 5(f)-5(h) show dρ(T )/dT under pressure for n=13 and 6, respectively. Clear kink structure associated with the AFM transition can be seen in the data. Figure 6 (a) depicts the pressure dependence of T N and T c for CeCoIn 5 (7)/CeIn 3 (n) superlattices for n=6 and 13. With applying pressure, T N decreases rapidly. For comparison, T N of a bulk single crystal CeIn 3 is also shown by the solid line 9 . The pressure dependence of T N of both superlattices are very similar to that of the bulk CeIn 3 single crystal. In bulk CeIn 3 crystal, the AFM QCP is located at p c ≈ 2.6 GPa. It is natural to expect, therefore, that the AFM QCP of the superlattices is close to 2.6 GPa. Thus, at 2.4 GPa, the superlattices are in the vicinity of the AFM QCP. This is supported by the temperature dependence of the resistivity under pressure. The resistivity can be fitted as
Figure 6(b) shows the pressure dependence of ε obtained from d ln ∆ρ/d ln T , where ∆ρ = ρ(T ) − ρ 0 . The magnitude of ε decreases with pressure. In bulk CeIn 3 single crystal, ε decreases with pressure and exhibits a minimum at the AFM QCP 9,42 . On the other hand, applying pressure to CeCoIn 5 leads to an increase of ε, which is attributed to the suppression of the non-Fermi liquid behavior, ρ(T ) ∝ T , and the development of a Fermi liquid state with its characteristic ρ(T ) ∝ T 2 dependence 35, 36 . Therefore, the reduction of ε with pressure arises from the CeIn 3 BLs, indicating that the CeIn 3 BLs approach the AFM QCP.
As shown in Fig. 6(a) , T c increases, peaks at ∼ 1.8 GPa, and then decreases when applying pressure. This pres- sure dependence bears resemblance to that of CeCoIn 5 bulk single crystals
35 . An analysis of the upper critical field provides important information about the superconductivity of CeCoIn 5 BLs. Figure 7 depicts the temperature dependence of the upper critical field determined by the midpoint of the resistive transition in a magnetic field H applied parallel (H c2 ) and perpendicular (H c2⊥ ) to the layers. The inset of Fig. 7 shows the anisotropy of the upper critical fields H c2 /H c2⊥ at ambient pressure. The anisotropy diverges on approaching T c . This is in sharp contrast to the CeCoIn 5 thin film, whose anisotropy is nearly temperature independent up to T c . The observed diverging anisotropy indicates that the superconducting electrons are confined in the 2D CeCoIn 5 BLs. In fact, in 2D superconductivity, H c2 is limited by Pauli paramagnetic pair breaking and increases as √ T c − T , while H c2⊥ increases as T c − T due to the orbital pair breaking near T c 17 . Moreover, the thickness of the CeCoIn 5 BL is comparable to the coherence length perpendicular to the layer, ξ c ∼ 4 nm. Thus each 7-UCT CeCoIn 5 BL effectively behaves as a 2D superconductor.
IV. DISCUSSION
It has been revealed that the temperature dependence of H c2⊥ provides crucial information about the impact of the interface on the superconductivity in CeCoIn 5 BLs. In particular, the modification of the Pauli para- 
where g(k) = (k y , −k x , 0)/k F , k F and σ are the Fermi wave number and the Pauli matrices, respectively. The Rashba spin-orbit interaction splits the Fermi surface into two sheets with different spin textures 44 . The energy splitting is given by α R , and the spin direction is tilted into the 2D plane, rotating clockwise on one sheet and anticlockwise on the other. When the Rashba splitting exceeds the superconducting gap energy (α R > ∆), the superconducting state is dramatically modified 39, 44, 45 . In particular, when the magnetic field is applied perpendicular to the 2D plane, the magnetic field does not couple to the spins, leading to a suppression of the Pauli pair-breaking effect. At p=2.2 GPa, H c2⊥ /H orb c2⊥ (0) of CeCoIn 5 /YbCoIn 5 nearly coincides with the WHH curve. This indicates that H c2⊥ is dominated by the orbital pair breaking most likely due to the suppression of the Pauli paramagnetic pair-breaking effect by the Rashba splitting.
On the other hand, in CeCoIn 5 /CeRhIn 5 superlattices, it has been shown that the effect of the local inversion symmetry breaking on H c2⊥ is less important compared with CeCoIn 5 /YbCoIn 5 22 . It has been proposed that magnetic fluctuations (paramagnons) in CeRhIn 5 BLs injected through the interface dramatically enhance the force binding superconducting electron pairs in CeCoIn 5 BLs, leading to the enhancement of ∆. As a result, the Pauli limiting field H P auli
is enhanced, where g is the g-factor of the electrons. This increases the relative importance of the orbital pair-breaking effect, giving rise to the enhancement of H c2⊥ /H When superconductivity is dominated by the Paulilimiting effect ( Figure 9 depicts the pressure dependence of q = √ 2gµ B H c2⊥ /k B T c for CeCoIn 5 /CeRhIn 5 and CeCoIn 5 /CeIn 3 , along with q for bulk CeCoIn 5 single crystal. Here g=2 is assumed. We note that q = 4.2 of the bulk CeCoIn 5 is smaller than the value determined by the specific heat measurements 2∆/k B T c ≈ 6
16 , but is larger than the BCS value of q = 3.54, which is consistent with the strong coupling superconductivity. In stark contrast to CeCoIn 5 /CeRhIn 5 superlattices, q decreases with pressure in bulk CeCoIn 5 single crystal. This implies that the pairing interaction is weakened with applying pressure, which is consistent with the fact that the pressure moves the system away from the QCP of CeCoIn 5 . The reduction of 2∆/k B T c with pressure in bulk CeCoIn 5 single crystals is confirmed by the jump of the specific heat at T c 46 . It should be stressed that the pressure dependence of q in CeCoIn 5 (7)/CeIn 3 (13) is very similar to that of bulk CeCoIn 5 . This strongly indicates that the pairing interactions in CeCoIn 5 BLs are barely influenced by AFM fluctuations injected from the adjacent CeIn 3 BLs through the interface even when CeIn 3 BLs are located near the AFM QCP.
The most salient feature in the CeCoIn 5 /CeIn 3 superlattices is that the superconductivity of CeCoIn 5 BLs is little affected by the critical AFM fluctuations in CeIn 3 BLs, despite the fact that AFM fluctuations are injected from the adjacent CeIn 3 BLs into CeCoIn 5 BLs, as evidenced by the AFM order in CeCoIn 5 /CeIn 3 demonstrating that different CeIn 3 BLs are magnetically coupled by the RKKY interaction through adjacent CeCoIn 5 BLs. Even in the vicinity to the AFM QCP of the CeIn 3 BLs, the superconducting state in the CeCoIn 5 BLs is very similar to that of CeCoIn 5 bulk single crystals. This indicates that the AFM fluctuations injected from CeIn 3 BLs do not help to enhance the force binding the superconducting electron pairs in CeCoIn 5 BLs. This is in stark contrast to CeCoIn 5 /CeRhIn 5 , in which the pairing force in CeCoIn 5 BL is strongly enhanced by the AFM fluctuations in CeRhIn 5 BLs 22 , although the CeRhIn 5 BLs are magnetically only weakly coupled through CeCoIn 5 BLs. We point out that these contrasting behaviors can be attributed to the differences of the magnetic and electronic properties of CeRhIn 5 and CeIn 3 . The magnetic wave vector in the ordered phase of CeIn 3 is commensurate q 0 =(0.5,0.5,0.5) 41 . The evolution of the ordered moment below T N is consistent with mean field theory. On the other hand, the magnetic wave vector in the ordered phase of CeRhIn 5 is incommensurate q 0 =(0.5,0.5,0.297) 47 . The evolution of the ordered moment below T N deviates from mean field behavior, likely due to 2D fluctuations. In CeCoIn 5 , AFM fluctuations with wave vector q f =(0.45, 0.45, 0.5) are dominant 25 . Thus, the c axis component of q f in CeCoIn 5 is commensurate and has the same value as that of q 0 in CeIn 3 . On the other hand, the c axis component of q 0 in CeRhIn 5 is incommensurate and very different from that of q 0 in CeCoIn 5 .
The equality between the c axis component of q f in CeCoIn 5 and q 0 in CeIn 3 would explain why the magnetic coupling between CeIn 3 BLs through CeCoIn 5 BL is stronger than that between CeRhIn 5 BLs. Thus, AFM order is formed in CeCoIn 5 (7)/CeIn 3 (n) even for small n, for which the AFM order has already vanished in CeCoIn 5 (n)/CeRhIn 5 (n). In magnetically mediated superconductors, the pairing interaction is expected to be strongly wave number dependent. Considering that the quasi-2D Fermi surface of CeCoIn 5 bears a close resemblance to that of CeRhIn 5 and the superconducting pairing state of both compounds is d x 2 −y 2 48 , it is likely that the pairing interaction in both compounds has 2D character and peaks around the same wave number. Furthermore, it has been assumed that 2D magnetic fluctuations are strong in CeRhIn 5 . Thus, superconductivity in the CeCoIn 5 BLs of CeCoIn 5 (n)/CeRhIn 5 (n) is strongly influenced. On the other hand, AFM fluctuations having 3D character in CeIn 3 may not play an important role for the pairing interaction in CeCoIn 5 , resulting in little change of the superconductivity in CeCoIn 5 /CeIn 3 .
V. SUMMARY
A state-of-the-art MBE technique has enabled us to fabricate superlattices consisting of different heavyfermion compounds. These Kondo superlattices provide a unique opportunity to study the mutual interaction between unconventional superconductivity and magnetic order through the atomic interface. In hybrid Kondo superlattice CeCoIn 5 /CeIn 3 , the superconductivity in CeCoIn 5 BLs and AFM order in CeIn 3 BLs coexist in spatially separated layers. We find that each CeIn 3 BL is magnetically coupled by the RKKY interaction through adjacent CeCoIn 5 BLs. An analysis of the upper critical field under pressure reveals that the superconductivity in CeCoIn 5 BLs is little influenced even in the presence of abundant AFM fluctuations in the vicinity of the AFM QCP of adjacent CeIn 3 BLs. Thus, although the AFM fluctuations are injected to the CeCoIn 5 BLs from the CeIn 3 BLs through the interfaces, they barely influence the force binding superconducting electron pairs. This is in sharp contrast to CeCoIn 5 /CeRhIn 5 , in which the superconductivity in the CeCoIn 5 BLs are strongly influenced by quantum critical AFM fluctuations in CeRhIn 5 BLs.
It has been widely believed that 2D AFM fluctuations are important for the pairing interaction in CeCoIn 5 . However, direct evidence was lacking. The present results provide strong support that 2D AFM fluctuations are essentially important for the unconventional superconductivity in CeCoIn 5 .
